Abstract -Fortification of foods with iron is a common vehicle for delivering iron in required quantities to the consumer. However, many technological problems occur when food products are fortified with minerals, due mainly to the many reactions of minerals with other food components, e.g. fat oxidation. In the present study, the binding of iron (ferrous sulphate) to common milk protein products, sodium caseinate, whey protein isolate (WPI) and milk protein concentrate (MPC), to form protein-iron complexes was characterized by the amount of iron binding and the turbidity as functions of the iron concentration. In an emulsion containing linoleic acid, the oxidation activity of these protein-iron complexes was compared with that of the iron in its free state. The affinities of caseinate and MPC to bind iron were higher than that of WPI. These differences were attributed to the presence of clusters of phosphoserine residues in casein molecules, that are known to bind divalent cations strongly. Lipid oxidation experiments showed that the ability of iron to catalyse lipid oxidation was reduced significantly when iron was bound to protein compared with when it was in its free form. This suggests that the formation of milk protein-iron complexes could be a novel way of incorporating iron into food products with high bioavailability, good flavour and no solubility problems. sodium caseinate / whey protein isolate / milk protein concentrate / protein-iron complex / emulsion oxidation
INTRODUCTION
Fortification of foods is a common vehicle for delivering essential minerals, such as iron, to the consumer in required concentrations, thus helping to prevent iron deficiency in human beings, which is a major nutritional problem worldwide [8] . As a result, a number of food products have been fortified with a variety of iron sources [3] . However, many technological problems occur when food products are fortified with iron, due mainly to the iron reacting with other components in the food system. These include variable bioavailability, organoleptic defects, the formation of sediment and lipid oxidation. Lipid oxidation is known to be catalysed by transition metals, notably iron. Therefore, to fortify food products with iron, researchers have attempted either to complex the added iron with macromolecules or to use a chelated form of iron to minimize its impact on lipid oxidation [6] .
Hekmat and McMahon [7] found that oxidation of fat occurred in milk fortified with ferrous sulphate and ferrous ammonium sulphate. This oxidation was reduced by using a chelated form of iron for milk fortification. They suggested that, if the iron was bound and unable to move between the ferrous and ferric states (so that it could not catalyse oxidation), the oxidative deterioration could be prevented.
The formation of casein-iron complexes induces the oxidation of iron from the ferrous state to the ferric state [11] . The characteristics of different iron complexes as donors to caseins were investigated by Hegenauer et al. [6] . It was found that lipid peroxidation in iron-supplemented milk was significantly lower when the milk was supplemented with chelated forms of iron, such as ferric ethylenediaminetetraacetate, ferric nitrilotriacetate (NTA), ferric fructose, ferric lactobionate and ferric polyphosphate, than when it was supplemented with ferrous sulphate. Exchange of iron between the ferric NTA chelate and the phosphoserine residues of casein meant that the iron was bound more strongly to casein than to the original chelate. This served to remove iron from the environment of the oxidizable milk fat and to lower its tendency to oxidize milk fat. Thus, such iron complexes may be suitable iron donors for the fortification of milk in order to preserve its organoleptic stability [2, 6] . Recently, the binding of iron (ferrous sulphate) to commercial milk protein products, sodium caseinate and whey protein isolate (WPI), as a function of pH and iron concentration was examined in our laboratory [17] . It was found that caseinate (n = 14) had more side chains than WPI (n = 8) for binding iron, and that the affinity of caseinate to bind iron was greater than that of WPI. However, few studies on the 88 M. Sugiarto et al.
application of milk protein-iron complexes in an emulsion system containing oxidizable lipid have been reported. Therefore, in this study, the ability of milk protein-iron complexes to influence the rate of lipid oxidation in a model linoleic acid emulsion system was investigated. The objectives of this work were to examine the extent of the oxidation of linoleic acid emulsions in the presence of protein-iron complexes and to compare the pro-oxidant effect of the bound iron with that of the iron in its free form.
MATERIALS AND METHODS

Material
Ferrous sulphate heptahydrate (FeSO 4 · 7H 2 O), certified iron standard solutions (Spectrosol) and HEPES buffer (N-2-hydroxyethylpiperazine-N′-2-ethanesulphonic acid) were obtained from BDH Chemicals, Poole, England. Water was purified using a Milli-Q system (Millipore Corp., Bedford, MA, USA). Sodium caseinate (ALANATE 180), WPI (895) and milk protein concentrate (MPC 4850) were obtained from Fonterra Co-operative Group Ltd., Palmerston North, New Zealand. The composition of these powders is shown in Table I . The original protein solutions contained very small amounts of iron (~0.1 mmol·L
−1
). The range of iron concentrations used in the binding experiments was from 0 to 10 mmol·L −1 , i.e. far in excess of the iron concentration in the original protein solutions.
Preparation of HEPES buffer and iron solutions
HEPES buffer (50 mmol·L
, pH 6.6) with an ionic strength of 0.1 mol·L −1 was prepared by dissolving 11.92 g of HEPES buffer, 5 mL of 1 mol·L −1 NaOH and 95 mL of 1 mol·L −1 NaCl in~800 mL of Milli-Q water. The pH was adjusted to 6.6, and the solution was made up to 1 L.
A 50 mmol·L −1 solution of ferrous sulphate in this HEPES buffer was prepared. HEPES buffer was used in this study because it is highly soluble in water and forms only weak complexes with metal ions (e.g. magnesium, calcium and manganese) [15] .
Binding of iron to proteins
Mixtures of protein (sodium caseinate, WPI and MPC) and iron were prepared by mixing the protein product with the iron solution. These mixtures had a final protein concentration of 10 mg·L −1 and a final iron concentration ranging from 0 to 10 mmol·L
. The pH of the mixture was adjusted to 6.6 using 0.5 mol·L −1 NaOH. The protein-iron mixture was stirred and then left at room temperature (~20°C) for 2 h. The mixture was then centrifuged at 10 800× g at 20°C for 20 min. The supernatant contained "soluble" protein, "soluble" protein-iron complexes and soluble "free" iron. Measurements of iron binding were carried out on the soluble fraction by analysing the supernatant. The supernatant was carefully decanted and analysed for concentrations of iron.
To separate the soluble "free" iron from the iron bound to soluble protein, a portion of the supernatant was passed through an Amicon stirred ultrafiltration (UF) (molecular weight cut-off 10 000), at a pressure of 300 kPa. The UF permeate, which contained the soluble "free" iron, was analysed for its iron concentration.
Determination of iron content
The iron content of the samples was determined by atomic absorption spectroscopy (GBC 933 AA, GBC Scientific Equipment Pty Ltd., Dandenong, Victoria, Australia). The acetylene-air flame was optimized prior to measurement of the samples.
Iron standards were made up either in purified water or, for one set of experiments, in a 0.001 mg·L −1 of sodium caseinate solution. The standards prepared in sodium caseinate solution gave the same readings as the standards prepared in water, indicating that protein solutions at a concentration of 0.001 mg·L −1 did not interfere with the atomic absorption spectroscopy measurements. Therefore, iron standards made up in purified water were used to obtain the standard curve for measurement of the protein-iron samples.
Turbidity measurements
The turbidity of each protein-iron mixture (before centrifugation) was measured using a UV-visible spectrophotometer (Pharmacia LKB Ultrospec II). Approximately 3 mL of each sample were placed in a 4 mL plastic cuvette. The absorbance of each sample was measured at 650 nm, against~3 mL of 50 mmol·L −1 HEPES buffer as the reference standard.
Oxidation of linoleic acid in emulsion
A linoleic acid emulsion consisting of linoleic acid (0.2804 g), Tween 20 (0.2804 g) and 50 mL of phosphate buffer (0.2 mol·L −1 , pH 7.4) was prepared at room temperature using a laboratory high-speed mixer (10 000 rev·min −1 for 2 min) (Diax 600, Heidolph, Germany). The average droplet size of the emulsion (d 32 ) was~8.2 μm, which was determined by a Malvern MasterSizer MSE (Malvern Instruments Ltd., Malvern, Worcestershire, UK), as described previously [20] .
Different samples containing protein and/ or iron were prepared as follows. Protein solutions (10 mg·L . Protein-iron mixtures containing a final iron concentration of 1 mmol·L −1 were prepared by mixing 25 mL of 20 mg·L −1 protein solution and iron from the stock solution. HEPES buffer was then added to give a final volume of 50 mL. All these sample solutions were then stirred for 2 h at ambient temperature.
After stirring, 1 mL of each of these sample solutions was added to 5 mL of linoleic acid emulsion. These mixtures were then held, without stirring, at 30°C for different times up to 72 h. At the end of the designated time period, samples were analysed for oxidation of linoleic acid. All samples were held in the dark to prevent any oxidation due to light. Control samples of linoleic acid emulsion, held at 4°C and at 30°C in the dark, were also included in the experiment.
Thiobarbituric acid test
The extent of oxidation of linoleic acid was measured by the thiobarbituric acid (TBA) method according to Hegenauer et al. [6] . The TBA reagent was prepared immediately before use by mixing equal volumes of freshly prepared 0.025 mol·L with NaOH) and 2 mol·L −1 H 3 PO 4 / 2 mol·L −1 citric acid. The combination of citric acid and phosphoric acid was used as both an acidulant and a metal chelator.
At the end of the holding period, 5 mL of the sample were pipetted into a 50 mL centrifuge tube containing 2.5 mL of the TBA reagent. The contents of the tube were mixed and the tube was placed without delay in a boiling water bath for exactly 10 min. After heating, the mixture was cooled in ice and then 5 mL of cyclohexanone and 1 mL of 4 mol·L −1 ammonium sulphate were added. The tube was shaken for 2 min and centrifuged at 6000× g for 5 min at room temperature. The orange-red cyclohexanone supernatant was decanted and its absorbance at 532 nm was measured spectrophotometrically (Shimadzu, UV-160A UVvisible spectrophotometer).
As malondialdehyde (MDA) is unstable, standards are usually prepared by acid hydrolysis of 1,1,3,3-tetraethoxypropane (TEP) [9] . TEP (73.2 mg) was accurately weighed into a screw-capped test tube, dissolved in 10 mL of 0.1 mol·L −1 HCl, immersed into a boiling water bath for 5 min and quickly cooled in tap water. A stock solution of MDA (239 μg·mL ) was prepared by transferring the hydrolysed TEP solution into a 100 mL volumetric flask and diluting to volume with water. The stock solution was diluted further with water to give MDA solutions of various concentrations (from 0 to 2.2 μg·mL
). A 5 mL aliquot of each of these solutions was reacted with TBA (as described above) and the absorbance of the red-coloured complex was measured at 532 nm. These results showed a linear relationship between the absorbance and the concentration of the MDA standards.
Statistical analysis
The samples were prepared in duplicate. The results were analysed statistically using the Minitab 12 for Windows package.
RESULTS
Characterization of protein-iron complexes
The amounts of iron binding to sodium caseinate, WPI and MPC, calculated from the amount of iron in the UF permeate, as a function of the concentration of iron added to the protein solutions are shown in Figure 1 . At added iron concentrations of < 4 mmol·L
, more than 96% of the total added iron was bound to protein in the sodium caseinate-iron and MPC-iron mixtures and about 90% was bound to protein in the WPI-iron mixtures. These results indicate that most of the added iron in the mixtures formed protein-iron complexes. There was a decrease in iron binding at added iron concentrations above 4 mmol·L More iron bound to sodium caseinate and MPC than to WPI (Fig. 1) . This was expected because caseins are known to have a stronger binding capacity for metal cations than whey proteins, mainly because of the presence of clusters of phosphoserine residues. The more compact structure of the whey protein in WPI, compared with the more flexible, open structure of sodium caseinate, could also account for the differences in their ability to bind added iron [5, 17] .
MPC and sodium caseinate bound similar amounts of iron, even though the casein content in MPC is lower than that in caseinate (Fig. 1 ). This could have been due to the structure of the caseins in MPC, which is similar to that found in milk, i.e. composed of micelles and colloidal calcium phosphate. In sodium caseinate, the casein fractions are present as monomers and small complexes and iron binds mainly to the phosphoserine residues on the casein molecules. In contrast, in MPC, the phosphoserine residues are not available because they interact with calcium phosphate to form colloidal calcium phosphate [13] . Therefore, it is likely that MPC bound the greatest amount of iron because of the presence of the casein micelles, and the whey protein fractions also have the ability to bind iron. A study by Gaucheron et al. [5] on the addition of FeCl 2 and FeCl 3 to skim milk found that more than 89% of the iron was bound to the colloidal phase (casein micelles) with a small amount of the iron found in the aqueous phase.
Addition of iron at relatively high concentrations may lead to a decrease in the solubility of protein [17] . The low solubility of protein-iron complex may influence the functional properties including antioxidative activity in the liquid systems. The solubility of the protein-iron complexes was examined at different iron concentrations (from 1 to 5 mmol·L −1 ) using turbidity measurements at a wavelength of 650 nm (Fig. 2) . The turbidity increased as the amount of added iron increased in all three protein-iron mixtures. There was only a slight increase in the turbidity of the sodium caseinate-iron and WPI-iron mixtures at added iron concentrations below 4 mmol·L , the turbidity of the sodium caseinate-iron mixtures increased abruptly and was greater than that of the WPI-iron mixtures. The turbidity values of the MPC-iron mixtures were much greater than those of the sodium caseinateiron and WPI-iron mixtures, indicating that casein micelles were involved in the protein-iron interactions.
The natures of the binding of iron to caseins in MPC and in sodium caseinate are likely to be different because of the different states of the casein molecules in the milk protein products. Iron is probably incorporated into the colloidal calcium phosphate, possibly displacing calcium from the phosphoserine residues and from the inorganic phosphate, forming iron phosphate. Thus, the iron in MPC is associated with both the caseins and the colloidal calcium phosphate. 
Effect of protein binding on iron-catalysed lipid oxidation
The extent of lipid oxidation in a Tween-20-stabilized linoleic acid emulsion containing iron was determined using the TBA test. Samples were held at 30°C in the dark for up to 72 h. The oxidation activity of the iron bound to the protein-iron complexes (1 mmol·L −1 iron and 10 mg·L −1 protein, respectively) was compared with that of the iron in its free state (unbound) at the same concentration. The iron concentration in the samples was 1 mmol·L −1 because, at this concentration, over 90% of the added iron was bound to the milk proteins and there was very little protein aggregation (Figs. 1  and 2 ).
Linoleic acid emulsion was used as a control. The absorbance readings of the TBA reaction products from the oxidation of linoleic acid increased slightly over the incubation period up to 72 h (Fig. 3) .
This indicated that the linoleic acid was not oxidized at the start of the experiment and oxidized only slowly in the emulsion under the experimental conditions.
The absorbance readings of the TBA reaction products from the oxidation of linoleic acid catalysed by free iron (1 mmol·L −1 ) increased markedly with storage time (Figs. 3-5) , indicating that the oxidation of linoleic acid in the emulsion was faster when it was catalysed by free iron. However, when protein-iron complexes were added to the emulsion, the absorbance readings were much lower than of the linoleic acid emulsion containing free iron at the same storage time. For example, after 72 h, the absorbance readings for the oxidation of linoleic acid catalysed by sodium caseinate-iron, WPI-iron and MPC-iron complexes were, respectively,~6, 1.5 and 4 times lower than that for the oxidation of linoleic acid catalysed by free iron. The absorbance readings for the emulsions containing sodium caseinate-iron and MPC-iron complexes were even lower than that of the control emulsion containing no iron after 72 h of storage. These results indicate that the ability of iron to catalyse lipid oxidation was reduced significantly when the iron was bound (to protein) than when it was in its free form. Furthermore, the extent to which the different protein-iron complexes reduced the rate of oxidation varied; the sodium caseinate-iron complex and the MPC-iron complex seemed to show lower oxidation activity than the WPI-iron complex.
For comparison, experiments on linoleic acid emulsions containing only 10 mg·L −1 sodium caseinate, WPI and MPC were carried out. The rates of oxidation of the linoleic acid emulsion in the presence of 10 mg·L −1 caseinate, WPI and MPC were slower than that of the linoleic acid emulsion containing no protein (Figs. 3-5) . Each milk protein appeared to act as an antioxidant, with the effect being greater for sodium caseinate and MPC than for WPI. Indeed, for the linoleic acid emulsion containing sodium caseinate, the absorbance readings showed little increase over the incubation period (from 0.02 to 0.06) (Fig. 3) , suggesting that sodium caseinate effectively prevented the oxidation of linoleic acid.
DISCUSSION
Transition metals that possess two or more valence states with a suitable oxidation-reduction potential between them (e.g. copper and iron) are capable of undergoing reversible one-electron reactions. These metal ions are considered to act as pro-oxidants, primarily by catalysing the decomposition of hydroperoxides (ROOH), as shown in the following equations [10] :
Thus, small quantities of an appropriate metal ion can generate large numbers of chain reactions by cycling between the oxidized and reduced forms. Whereas these ions are effective reducers of hydroperoxides in their reduced states (equation (1)), they are less efficient oxidizers in their higher oxidation states (equation (2)) [10, 14] .
Furthermore, these metal ions may act as pro-oxidants by generating the active oxygen species, singlet oxygen, which can react directly with unsaturated fatty acids to produce hydroperoxides [16] .
The marked effect on the rate of oxidation caused by the presence of free (unbound) iron is shown in Figures 3-5 . The rate of oxidation of linoleic acid in the presence of free ferrous ions was found to be markedly higher than that of the control (linoleic acid with no additives). It has been suggested that adding ferrous iron to an unsaturated lipid would produce active oxygen species, which would then initiate the first step of the chain reaction of lipid peroxidation [22] .
The present study showed that the rate of oxidation of linoleic acid was slower when the iron was complexed to milk proteins than when the iron was present in its free (unbound) form, regardless of the type of milk protein (i.e. sodium caseinate, WPI or MPC) that bound the iron. Hegenauer et al. [6] showed that chelated forms of iron were more preferable as supplements for milk than simple inorganic salts (ferrous sulphate or ferrous chloride). The unbound ferrous ion could participate in the cyclic oxidationreduction reactions, therefore amplifying its potential for catalysing lipid oxidation. In contrast, chelated forms of iron, such as ferric NTA, removed the metal from the environment of the lipid fraction, which decreased the rate of oxidation. Therefore, at the same concentration, iron presented as ferric chelate (ferric lactobionate and ferric NTA) caused less oxidation than free ferrous iron.
In the current investigation, when milk proteins were present in the sample, the oxidation of linoleic acid was suppressed when compared with the control (linoleic acid with no additives). Of the three milk proteins used, WPI was less effective than casein proteins (i.e. sodium caseinate and MPC) at suppressing oxidation, which is in agreement with some published studies. Taylor and Richardson [18] found that the caseins had much greater antioxidant activity than the whey proteins. Reviews by Richardson and Korycka-Dahl [16] and O'Connor and O'Brien [14] also stated that casein proteins have antioxidative properties that appear to be related to their hydrophobic nature and the orientation of potential antioxidant side chains of constituent amino acids at the lipid interface [1, 4, 21] .
Caseins may also act as antioxidants because they have the ability to bind prooxidant metals to their phosphoserine residues [6, 11] , which inhibits the catalytic effect of the metals [1] . The present study showed that iron added as ferrous sulphate was bound completely to the casein molecules in sodium caseinate at added iron concentrations up to 4 mmol·L −1 (Fig. 1) . The soluble caseins and the casein micelles in MPC have also been shown to have the ability to bind significant amounts of iron. Therefore, when the added iron was bound completely to casein molecules, the catalytic effect of iron was prevented, which led to much lower rates of lipid oxidation.
Whey proteins were also demonstrated to prevent oxidation, but to be less effective as antioxidants than caseins (Fig. 4) . The antioxidative properties of whey protein are probably a result of its free radical scavenging activity due to its free sulphydryl groups [12, 14, 19] . The lower effectiveness of WPI, compared with caseinate and MPC, as an antioxidant is possibly due to the lower iron-binding ability of the whey proteins. The present study found that, for sodium caseinate and MPC, all the iron was completely bound at relatively low concentrations of added iron. In other words, no free iron was present. However, for WPI, a small amount of free iron was always present, even at low concentrations of added iron (Fig. 1) .
CONCLUSION
At a low concentration of added iron (< 4 mmol·L ), most of the iron could bind to milk protein to form protein-iron complexes. The binding of iron depended on the type of protein product. Sodium caseinate and MPC had greater iron binding than WPI. The protein-iron complexes had slightly lower solubility than the protein solutions. For the same iron concentration, the ability of iron to catalyse lipid oxidation was reduced significantly when these protein-iron complexes were added to a linoleic acid emulsion. This suggests that the catalytic oxidation activity of iron in a food can be controlled by binding the iron to protein to form a complex. Milk protein-iron complexes could be a novel way of incorporating iron into food products with high bioavailability, good flavour and no solubility problems.
